French bean (Phaseolus vulgaris L.) in Kenya is
INTRODUCTION
French beans comprise a sub-group of common bean (Phaseolus vulgaris L.) germplasm grown for their immature pods, which when immature, have low fibre content and consumed as a green vegetable (Myers and Baggett, 1999) . They are variously referred to as 'snap beans', 'garden beans' and 'haricot beans'. French bean is a leading export crop for Kenya (Monda et al., 2003) , which produces annually around 61.5 t, which represents a major financial share of the export vegetable sector (HCDA, 2010) . Despite its importance as an export commodity, there has been little breeding effort devoted to its improvement and no much focus on gaining an understanding of the genetic diversity of the germplasm used in cultivation.
The value of characterizing genetic diversity is in the identification of genetically diverse pairs of crossing parents for crop improvement. Various sources of germplasm are available to the breeder, including elite cultivars, popular commercial cultivars, breeding lines, mutants, landraces and wild materials (Ram, 2014) . Elite germplasm is generally preferred for cultivar development because it has benefited from intensive selection for optimal alleles, as well as being relatively straightforward to source (de Moraise and Pinhero, 2012) . Much of the effort applied to assessing the genetic diversity present in common bean has focused on germplasm used for pulse production, rather than on the French bean. The genetic status and ancestry of French bean cultivars has been explored by Davis and Myers (2002) , Cunha et al. (2004) and Blair et al. (2010) . However, the information available is varied and as a result, a general study involving many accessions in a particular region is essential. While morphoagronomic variation is the foundation for crop improvement, few traits are simply inherited and many are markedly influenced by the plants' growing environment; in contrast, variation at the DNA level is, by definition, not multigenic, and is free of environmental influence. While DNA-based markers are now in routine use as a tool for assessing genetic diversity, morpho-agronomic characters still play an important role (Gomez et al., 2004; Stoilova et al., 2005) , and a combined approach has been recommended (Singh et al., 1991) .
A number of different marker platforms have been exploited to assess genetic diversity in common bean (Skroch and Nienhuis, 1995; Cunha et al., 2004; Kwak and Gepts, 2009; Sarikamis et al., 2009; Biswas et al., 2010; Blair et al., 2010) . The use of markers has demonstrated that common bean was domesticated twice, leading to the development of two separate genepools: the Mesoamerican (Northern Mexico to Colombia) and the Andean (Southern Peru to Northwestern Argentina) (Gepts et al., 1986; Beebe et al., 2000; 2001; Blair et al., 2006) types. Microsatellites or simple sequence repeats (SSRs) have proven to be highly effective as markers, as they are typically codominant, multi-allelic and informative, and are very numerous throughout the genome. Large numbers of SSR assays have been developed in common bean (Yu et al., 1999 (Yu et al., , 2000 Gaitán-Solís et al., 2002; Grisi et al., 2007; Blair et al., 2003; 2011) , and so are available for genetic analyses in French bean. Here, the objective was to evaluate the genetic diversity of a Kenyan collection of French bean accessions, based on a combined morpho-agronomic trait and SSR marker data set.
MATERIALS AND METHODS

Plant material
The germplasm panel comprised a set of 36 French bean accessions from Kenya: of these, 28 are commercially grown cultivars, five are advanced breeding lines and three are landraces. The seed was initially multiplied and purified. The accessions are identified by the prefix FBK ("French Beans Kenya"), followed by an accession number.
Experimental site
The germplasm was assessed in the field at Meru (0° 07' N, 37º 40' E, 1490 m above sea level), first in November 2010 (short season) and then in March 2011 (long season). Normal rainfall (annual mean 1250 mm) at the site is bimodal, with the major rainy season expected between March and July and the short one between October and December. The long term minimum and maximum temperatures at the site are, respectively, 12 and 25°C. The soil is deep, well-weathered, free-draining, has a friable clay texture and moderate to high inherent fertility, and has been classified as a humic nitisol (Jaetzold et al., 2006) . In the first season, the precipitation was 569.7 mm and the minimum and maximum temperatures were, respectively, 11.4 and 24.0ºC; the equivalents for the second season were 489.3 mm, 13.4 and 24.0°C. The experimental plots were chosen to ensure that no legumes had been grown in either of the two preceding seasons.
Crop management
Land previously cropped to maize was prepared to give a fine tilth. The experiment was laid out as a triple lattice design, with each 3 m × 1.2 m plot forming an experimental unit.
*Corresponding author. E-mail: eea08ke@hotmail.com Author(s) agree that this article remain permanently open access under the terms of the Creative Commons Attribution License 4.0 International License Planting was done to a seeding rate of 25 kg ha -1 . Diammonium phosphate fertilizer was applied at sowing to supply 36 kg ha -1 N and 40 kg ha -1 P, and a top dressing of calcium ammonium nitrate was given in two applications to supply 27 kg N ha -1 three weeks after sowing and a similar amount at the onset of flowering. The experiment was irrigated to field capacity when required. Weeds were controlled manually and the crop was protected from insect pests by spraying with dimethoate one week after germination.
Morpho-agronomic data
A set of 20 traits, based on the International Union for the Protection of New cultivars of Plants (UPOV) descriptors (2008), was evaluated. Some were qualitative (QL), some pseudoqualitative (PQ) and the remainder quantitative (QN) in nature. A sample of ten plants were used to derive the mean performance with respect to plant height, leaf length and leaf width, while pod traits were gathered from a sample of 30 pods per plot, harvested at the fresh market stage. The other traits (inflorescence position, intensity of leaf and pod color and degree of pod curvature) were based on a whole plot observation. Numerical values were assigned to the traits to aid the data analysis. The 13 QN traits were: leaf width (measured at the broadest point at the base of the terminal leaflet of the third trifoliate leaf); leaf length (measured in the middle of the terminal leaflet of the third trifoliate leaf from the pulvinus to the leaf tip); the number of days to flowering (the time elapsed from sowing until 50% of the plants in a plot showed one open flower); plant height (measured at the flowering stage from the ground surface to the tip of the main stem at flowering); intensity of pod color; degree of pod curvature; inflorescence position; intensity of leaf color; pod diameter (measured by passing the pods through a set of holes of known diameter); pod length (measured from the apex to the penducle); pod weight per plant (determined from the weight of pods per plot and the number of plants per plot); number of pods per plant (determined from the number of pods per plot and the number of plants per plot); and seed weight (the weight of 100 mature seeds at 14% moisture content). The five PQ traits were: Wing flower color of freshly opened flowers; pod ground color; the shape of pod curvature, the shape of seeds that were cut longitudinally, the colour of seeds obtained from the middle of a dry pod and pod shape (evaluated by cutting across the middle of a pod through a developing seed). The two QL traits were growth habit and anthocyanin pigmentation of the hypocotyl.
Statistical analyses
A univariate analysis of variance (ANOVA) was performed for each QN traits using SAS software package, release 8.1 (SAS, 1999) . Each season's data were subjected to the general linear model, according to the Cochran and Cox (1962) : Yijkl = µ + πi +βj + τk+εijkl, where µ represented the grand mean, πi the effect due to the i th replicate, βj the effect due to j th incomplete block, τk the effect due to k th accession and εijkl the intra-block residual. The gain in precision achieved by the use of a triple lattice design compared to a randomized complete block design was calculated according to Cochran and Cox (1962) . As it lay between just 0 and 8.4% for each trait, the data were finally analyzed assuming an RCBD design, following the model Yijkl = µ + λi+ π (j)i + τk + λτik + εijkl, where λi was the effect due to the i th season, πj(i) the effect due to j th replicate in the i th season, τk the effect due to the k th accession, λτjk the interaction between the k th accession and the i th season and εijkl the residual effect. The PQ, QL and four QN traits were subjected to a frequency distribution analysis.
Estimate of variability for each PQ and QL traits, along with the four QN traits assigned a numerical value, were computed in Microsoft Excel and the standard Shannon-Weaver diversity index (H') was computed from −∑ Pi (logePi)/logen, where Pi was the frequency proportion of each trait and n the number of classes recognized for the trait. H' has a value ranging from 0 (no diversity) to 1 (maximum diversity). The subsequence cluster analysis was performed by routines implemented within NTSYS v2.11 (Rohlf, 2000) , using normalized data, based on the UPGMA algorithm (Sneath and Sokal, 1973) and Euclidean distance analysis.
Genotypic analysis
Plants used for DNA extraction were raised in a greenhouse maintained at 25 ± 5°C. Leaves sampled from three week old plants were crushed with a mortar and pestle, and the homogenate spotted onto an Whatman FTA card, which was left to dry at room temperature for 2 h. Discs were cut from the card and processed according to the protocol provided by the manufacturer ) nahtahW/moa.seceeegmeeWmeg.www(. Discs not used immediately for a PCR were stored at 4°C. A set of 26 SSR assays, detecting loci across all 11 chromosomes of common bean genome (Blair et al., 2003; Grisi et al., 2007) , was selected. Each 20 µl PCR was set up in an AccuPower® PCR pre-mix tube (Bioneer Inc., Alameda, USA) and comprised one FTA disc, 0.2 µM of each of the forward and reverse primers, 10 mM Tris-HCl (pH 7.2), 30 mM KCl, 1.5 mM MgCl2, 250 mM dNTP and 1 U Taq polymerase. The amplification program consisted of an initial denaturation (94°C/2 min); followed by 30 cycles of a 94°C/30 s denaturation step, a Ta/60 s annealing step and a 72°C/40 s extension step; ending with a 72°C/3 min final extension. The annealing temperature (Ta) was optimized for each primer pair. After the addition of 4 µL loading buffer (10 mM Tris-HCl, 0.03% w/v bromophenol blue, 0.03% w/v xylene cyanol FF, 60% v/v glycerol, 60 mM EDTA), the amplicons were electrophoresed through a 6% non-denaturing polyacrylamide gel, run horizontally at 100 V for 3 h, and visualized by ethidium bromide staining .
Statistical analyses
SSR allele sizes were assigned based on the amplicon's migration through the gel in comparison to that of a 100 bp ladder. The average number of alleles and gene diversity, Shannon's index (I), observed and expected heterozygosity and polymorphism information content (PIC) were calculated for each SSR locus using PowerMarker v3.25 software (Liu and Muse, 2005) . Genetic distances were calculated using the Chord distance (Cavalli-Sforza and Edwards, 1967) and an unweighted pair group arithmetic mean (UPGMA) tree was constructed. The DNA marker-and morpho-agronomic data-based matrices were compared by transforming the two matrices to Euclidean coefficients and computing a matrix correlation coefficient (r) via matrix comparison (MXCOMP) analysis implemented in NTSYS v2.11. Tables of critical r values were used to assess the similarity of the two phylogenies (Lapointe and Legendre, 1992) .
RESULTS
Morpho-agronomic trait variation
All 36 accessions had a determinate growth habit, 64% formed rectangular shaped seeds, and 60% were whiteseeded and produced white flowers (Table 1) . Nine accessions were black-and two were brown-seeded. All but one of the accessions formed green pods, although the intensity of pigmentation varied. Secondary seed coat colors were observed in accessions FBK27, FBK30 and FBK31. The blackseeded accessions produced purple flowers and their hypocotyl was pigmented, while the brown-seeded ones produced either purple or pink flowers. The diversity indices for the QL, PQ and the four selected QN traits ranged from 0.23 to 0.88. Seed color, shape of pod curvature, pod cross-section shape, degree of pod curvature and flower color were all moderately variable (0.56 to 0.69), while the other traits were highly variable (0.71 to 0.88). The ANOVA confirmed significant (P ≤ 0.05) differences with respect to pod diameter, pod length, number of pods per plant, pod weight per plant and seed weight, but not with respect to flowering time, leaf length, leaf width or plant height. The season had a significant (P ≤ 0.05) effect on flowering time, pod diameter, pod length, plant height and seed weight. A significant (P ≤ 0.05) accession × season interaction was associated with the following traits: pod diameter and length, pod weight per plant, number of pods per plant and seed weight. The mean number of days to flowering, leaf width, leaf length and plant height were, respectively, 34.7 days, 6.4 cm, 10.3 cm and 36.5 cm. The smallest pod diameter was set by FBK2 (5.7 mm), a size which was significantly (P ≤ 0.05) less than that of the pods set by FBK8 (6.7 mm), FBK9 (7.1 mm), FBK22 (6.8 mm), FBK23 (6.7 mm), FBK27 (6.8 mm), FBK28 (6.6 mm) and FBK30 (6.8 mm) ( Table 2 ). The longest pods were produced by FBK27 (18.8 cm) and FBK9 (18.2 cm), and the shortest by FBK29 (11.4 cm). 
SSR genotyping
All the 26 SSR primers successfully amplified the template from each accession. In all, 18 of the 26 (14 based on genomic DNA (gDNA) sequence, and four on complementary DNA (cDNA) assays were informative, revealing a total of 39 alleles (a mean of 2.2 alleles per informative locus). The level of polymorphism, in terms of the number of alleles, the major allele frequency, gene diversity, expected and observed heterozygosity, polymorphism information content and Shannon Weaver's information indices is presented in Table 3 . Two alleles were recognized by 15 of the informative SSRs, while three were revealed by BM139, BM187 and BM172. The PIC value ranged from 0.17 to 0.41, and the majority of the informative SSRs (72%) were classified as being moderately polymorphic (PIC ≥ 25%). Of the eight non-informative SSRs, five were based on cDNA sequence and three on gDNA. The level of gene diversity ranged from 0.19 to 0.50 (mean 0.36), and the observed mean heterozygosity was low (mean 0.01). The mean Shannon index was 0.56, suggesting a moderate level of diversity among the accessions.
Phylogenetic analysis
The phylogenetic analysis based on the morphoagronomic traits arranged the accessions into four clusters (Figure 1) , with the most determinative traits being the number of pods per plant, seed weight and seed/flower color. The first cluster was populated by FBK9, FBK32, FBK30, FBK26, FBK35, FBK28, FBK31, FBK27, FBK22 and FBK8, which all produced large, non-white seeds and a small number of pods per plant. The second group consisted of the white-seeded accessions FBK16, FBK33, FBK19 and FBK4, which also set a low number of pods per plant. The accession FBK2 did not cluster with any other accession and it was therefore designated 3 representing the third group. The fourth cluster was characterized by accessions able to produce many pods harboring small seeds. There was a distinct sub-clustering in this group, separating the black-and white-seeded accessions. The wax bean (yellow pods) FBK1 belonged to cluster 4. Cultivars derived from individual breeding programs tended to group together -for example FBK11 / FBK34, FBK12 / FBK25 and FBK20 / FBK13 / FBK23 / FBK24. The phylogenetic analysis based on the SSRs split the accessions into three main clusters (Figure 2 ). The first cluster was dominated by low pod diameter (<6.5 mm) accessions (FBK3, FBK13, FBK26, FBK16, FBK4, FB14, FBK18, FBK20, FBK7, FBK25, FBK6, FBK17, FBK36, FBK5 and FBK 21) . The second cluster was a mixture of large and small pod diameter accessions, although the former predominated. The large pod diameter accessions were FBK 28, FBK35, FBK31, FBK9, FBK22, FBK8, FBK23, FBK27, FBK9, FBK30, FBK32 and the wax bean FBK1. The accessions with small pod diameters were FBK 33, FBK15, FBK12, FBK19 and FBK2. The third cluster contained just FBK11 and FBK34. There was little similarity between the dendrograms produced from the two marker types (correlation coefficient 0.02).
DISCUSSION
Diversity based on morpho-agronomic traits
A significant level of morpho-agronomic variation was represented in the set of Kenyan French beans, both with respect to the quantitative and the qualitative traits. Many of the key breeders' traits (the number of pods per plant, yield per unit area, pod width and length, and seed weight) were influenced by the growing environment, which differed more markedly for the amount of rainfall experienced than for any other climatic factors. All of the accessions had a determinate growth habit, which reflects breeder selection pressure, since determinate types tend to produce higher quality pods (Blair et al., 2010) ; while at the same time reducing the labor required for crop management and harvesting. Most of the accessions produced white seeds and white flowers, and lacked non-green pigmentation of the hypocotyl, as also observed in the germplasm analyzed by Pandey et al. (2011) . A preference for white seededness reflects the needs of the processors, who do not favor coloured seed as anthocyanins are prone to leach during canning, leading to an unattractive product (Myers and Baggett, 1999) . A further advantage of white seededness is that the seeds are less prominent in the immature pod (Blair et al., 2010) . Given that the pod represents the consumer product of the French bean, its quality is of paramount importance. The relevant pod traits are its internal and external color, its uniformity of color, its length, its cross-sectional shape, its straightness, its smoothness, its fiber content, the rate of seed development and it's the point of detachment from the plant (Pandey et al., 2011) . Pod traits have importance in some other legumes too, as for instance in Dolichos lablab, where the pods of crops intended for fresh consumption or for processing need to be green (Islam et al., 2010) . The present germplasm set displayed only a low level of diversity with respect to pod color (0.23), although there was some variation with respect to both hue and intensity, with a few accessions producing dark green pods. These accessions (FBK13 and FBK10) are marketed domestically for fresh consumption.
French beans are conventionally classified as either large-sieve (large podded) types, wax types or finesieve (thin podded) types. Most of the fine-sieve types have diameters that are less than 6.5 mm and fetch higher prices as compared to the large-sieve types. It was observed in this study that most accessions with large pod diameters beans tend to have long pods and were categorized as large-sieve beans. The ideal pod length for processing is 10 to 16 cm, since pods longer than this are incompatible with processing equipment operated in Kenya (HCDA, 2005) . Almost all the current set of white-seeded accessions, along with a few of the black-seeded ones, produced pods of the appropriate length for processing, and their pod diameter was small enough (<6.5 mm) to fall into the fine (small-sieve) class. They also exhibited an oval type cross-section and weak pod curvature, properties which maximize their durability and consumer attractiveness. Processors tend to favor a round type cross-section because of the relationship between pod diameter, quality and maturity when round pods are mechanically sorted. The overall conclusion is that the Kenyan breeders' concentration on pod related traits has focused on maximizing the number of pods per plant, pod weight, diameter and length, and seed size.
The phylogenetic analysis identified seed weight, the number of pods per plant, flower color and seed color as being the major traits distinguishing the 36 French bean accessions. A similar set of discriminating traits has been observed in other diversity analyses in common bean (Gepts et al., 1986; Hornakova et al., 2003; Stoilova et al., 2005; Salehi et al. 2008) . Singh et al. (1991) have noted that Andean common bean accessions tend to develop a higher number of nodes before flowering than those belonging to the Mesoamerican genepool, along with larger leaflets and seeds. Seed size and color constraints are different in French beans than in dry beans, so the distinction between Andean and Mesoamerican types based on seed size has been blurred in French bean germplasm (Blair et al., 2010) . In addition, it was apparent that the largest seeded accessions formed purple/pink flowers and black/brown seeds which were separated from the small seeded accessions most of which produced white flowers. The relationship between pod length and seed weight; seed size and seed colour, may be reflected by the effect of genetic linkage, since genetic determinants of pod length and seed weight are linked on both linkage groups D1 and D7; in addition one of the factors for seed size maps close the P locus (controlling seed color) on D7 (Koinange et al., 1996) .
Diversity based on SSR markers
The SSR markers used here were a mix of gDNA-and cDNA-derived assays. Five of the eight cDNA-derived loci were non-informative, compared to just three of the 18 gDNA-derived ones. The relatively poor informativeness of cDNA-derived SSRs has been noticed previously both in common bean (Blair et al., 2003; Zhang et al., 2008) , as well as in a number of other crops (Cho et al., 2000; Eujayl et al., 2002; Thiel et al., 2003; Ohyama et al., 2009) . The PIC values and the number of alleles recognized here were both lower than those calculated by Sarikamis et al. (2009) and Blair et al. (2010) . The low level of polymorphism observed here may reflect a low diversity in Kenyan germplasm at those particular loci. However, the use of capillary electrophoresis with a higher resolution as compared to PAGE is recommended for analyzing this kind of germplasm. The low level of heterozygosity observed is consistent with the predominantly autogamous habit of common bean (Beebe et al., 1997) . As a result, a further use of the SSRs could be to detect residual heterozygosity in late generation selections and breeder's seed lots. The level of SSRbased genetic diversity of the Kenyan material was similar to that recorded by Metais et al. (2002) in an analysis of Andean type French bean germplasm, but lower than that recorded by Blair et al. (2010) . This can be explained by the fact that the germplasm used by Blair et al. (2010) were mostly pole beans while this study evaluated determinate beans most of which are used for commercial purposes.
As similarly reported by Skroch and Nienhuis (1995) , the present phylogenetic analysis was largely effective in discriminating between the small and large pod diameter accessions. The many small-sieve accessions had a high genetic similarity among themselves similarly to the work of Cunha et al. (2004) , perhaps because of the intensity of selection by French bean breeders against large and pigmented seeds. Nevertheless, a few small pod diameter accessions clustered with the major group of large pod diameter ones and vice versa and this can be attributed to lineage relationships. Intense selection employed by French bean breeders for pod diameter, pod length, seed and pod color have probably narrowed the genetic base of an already rather narrow genepool, thereby reducing the genetic distance between the remaining cultivated types.
A comparison of morpho-agronomic and genotypic diversity in Kenyan French beans
Both the morpho-agronomic traits and the SSR genotype were effective in discriminating between the major groups represented by small and pod diameter types (which correspond to large-and small-seeded types). However, the two phylogenies were only poorly correlated with one another. The most likely explanation for the failure of SSR genotyping to mirror the groups defined by the morpho-agronomic traits is that most of the plants traits are under polygenic control. Thus the same phenotype can be arrived at by two (or more) genetically quite independent routes, so that two identical states of a given trait do not necessarily imply an identical genotype. A further problem is that many morpho-agronomic traits are modulated by the environment. DNA-based markers avoid both of these weaknesses (Collard et al., 2005) , but on the other hand the amount of information provided by an individual SSR is small, unless it happens to be tightly linked to a gene responsible for a significant agronomic trait. Combining morpho-agronomic and DNA-based markers in the assessment of germplasm provides a way of taking advantage of the best features of both marker types.
